Loeys-Dietz syndrome (LDS) is an autosomal dominant connective tissue disorder resulting from genetic mutations in the transforming growth factor b receptors 1 and 2 (TGFBR1 and TGFBR2). The syndrome is characterized phenotypically by hypertelorism, bifid uvula, and/or cleft palate, and arterial tortuosity with aneurysms and dissections. LDS has a much more rapid clinical course than Marfan syndrome (MFS) and thus those diagnosed with LDS are currently being recommended for prophylactic aortic root replacement at younger ages and with smaller aortic dimensions. Aortic root tissue obtained at surgery was compared between 15 patients carrying a diagnosis of LDS, 11 patients with MFS and 11 control aortas to evaluate the range of histopathologic changes in LDS. Standard hematoxylin and eosin and Movat pentachrome stains were performed. LDS samples had increased medial collagen and a subtle but diffuse form of elastic fiber fragmentation and extracellular matrix deposition, referred to as diffuse medial degeneration. LDS samples had significantly more diffuse medial degeneration compared with MFS and control samples (P<0.05), significantly less medial degeneration of the ''cystic'' variety compared with MFS (P<0.01) and significantly more collagen deposition than control samples (P<0.01). Additionally, an immunohistochemical stain for pSmad2, a marker of TGFb activity, was significantly increased in LDS patients compared with controls (P<0.001). Overall, the histologic findings of LDS are best appreciated with special stains to evaluate fibrosis and elastic fiber fragmentation. The changes described, although not entirely specific for LDS, help differentiate this entity from other vascular diseases in the appropriate clinicopathologic setting.
L oeys-Dietz syndrome (LDS; OMIM 609192) is an increasingly recognized autosomal dominant connective tissue disorder resulting from mutations in the transforming growth factor b receptors 1 and 2 (TGFBR1 and TGFBR2). The syndrome includes some features of Marfan syndrome (MFS), such as pectus deformity, scoliosis, long fingers, dural ectasia, and aortic root aneurysm. Unlike MFS, LDS patients do not tend to be particularly tall and do not have lens dislocation. Other discriminating features include a high frequency of widely spaced eyes, bifid uvula and/or cleft palate, clubfoot deformity, translucent skin with easy bruising and dystrophic scars, and cervical spine malformation or instability. Most importantly, LDS patients have a strong predisposition for arterial tortuosity (primarily of the neck and head vessels) and aneurysms and dissections throughout the arterial tree. 12, 13 LDS patients show a higher incidence of dissection and death in childhood and at smaller vascular dimensions. There is also a high frequency of pregnancyrelated complications including vascular or uterine rupture.
Surgical outcomes of individuals with LDS are excellent, allowing the conclusion that early recognition of the disease, careful surveillance, and aggressive surgical practices are essential to optimal management. 23 Although both the phenotypic manifestations and the surgical outcomes of LDS have been well described, a detailed study of histopathologic alterations in a series of ascending aortas has not yet been reported.
In their first description of LDS, Loeys et al 12 described histologic findings similar to those seen in MFS. Both the loss of elastic fiber content and elastic fiber disarray were demonstrated. 12 Although increased collagen deposition was also described in the aorta of individuals with both MFS and LDS, it was described as more pronounced in cases of LDS. This current study was undertaken to investigate the whole range of histologic pathologies in LDS.
We collected surgically resected ascending aortas from LDS, MFS, and control subjects and performed routine histochemical stains and a single immunohistochemical (IHC) stain on a subset of these tissues. For evaluating histopathology, we used criteria described in a recent publication of pathologic changes in ascending aortic tissues and criteria unique to LDS. 8 
MATERIALS AND METHODS

Study Group
An institutional database of the Department of Pathology at The Johns Hopkins Hospital was searched for cases of aortic root resections after obtaining Investigational Review Board approval for this investigation. These cases were then cross-referenced with a list of LDS or MFS affected individuals from the connective tissue clinic within the Institute of Genetic Medicine at The Johns Hopkins Hospital. Eleven cases of MFS were identified that generally matched the ages of the LDS cohort. Fourteen LDS patients were identified, of which 12 were known to harbor a mutation in the TGFBR1 or TGFBR2 gene. The remaining 2 individuals were not genetically tested, but had a classic phenotypic constellation of findings including joint hypermobility, soft skin, scarring abnormalities, prominent vasculature, and either a broad uvula or a bifid uvula. An additional LDS case was procured from the autopsy case files of the Mayo Clinic in Rochester, MN, and was confirmed by genetic testing. Eleven control aortas were obtained from orthotopic cardiac transplantations performed for congenital heart disease or cardiomyopathy. Three ascending aortic samples from patients with bicuspid aortic valve (BAV) and aortic aneurysm and 3 additional MFS samples were procured for pSmad2 staining only. Patient records were used to gather phenotypic information, echocardiography data, clinical symptomatology, and mutational status (Tables 1, 2) .
Echocardiographic aortic Z-scores were derived for pediatric cases by subtracting out the age-matched population mean value from the individual case value and then dividing the difference by the population SD. 18 The aortic Z-score normalizes aortic root size for a given age and body size, with larger values representing more severe root dilatation.
Tissue Staining
Tissue slides were stained with hematoxylin and eosin (H&E) and Movat pentachrome, using standard laboratory protocols. Phosphorylated Smad2 (pSmad2, Cell Signaling Technology, Danvers, MA) immunohistochemistry was performed using a diaminobenzidine biotin streptavidin protocol at a dilution of 1:100 as described. 10 
Tissue Scoring
All histochemically stained slides were made anonymous, randomized, and subsequently examined by 2 pathologists (J.J.M. and M.K.H.). A subset of pSmad2stained slides were evaluated by a single pathologist (J.J.M.). The tissue was evaluated and scored based on the presence and severity of: medial degeneration of the ''cystic'' type (CMD), medial degeneration of the diffuse type (DMD), laminar medial necrosis (LMN), collagen deposition, elastic fiber orientation, and inflammation.
Medial degeneration of the cystic type (CMD), was defined as fragmentation and/or loss of elastic fibers (and subsequent disruption of lamellar unit architecture) with glycosaminoglycan deposition creating ''cystlike'' spaces within the media ( Fig. 1 ). 4 The elastic fiber fragmentation was largely interlamellar and created ''cystic spaces'' that generally measured 200 to 500 mm by 200 to 1000 mm in size as evaluated on the Movat pentachrome-stained material (Fig. 1B ). Lamellar units are composed of a ''sandwich'' of parallel elastic fibers with smooth muscle, collagen, and ground substance in between. 20 Small elastic fibers link the major elastic fibers, oriented in a perpendicular arrangement between them. Disruption of predominately the major elastic fibers produces the morphology seen in CMD. The magnitude of CMD was scored from 0 to 3 based on the extent of medial involvement in the most severely affected area of the artery: 0 (0% to 5%), 1 (6% to 25%), 2 (26% to 75%), or 3 (76% to 100%). Medial degeneration of the diffuse type (DMD) was defined as fragmentation and/or loss of predominately intralamellar elastic fibers (the small elastic fibers that traverse each lamellar unit) with concurrent extracellular matrix deposition (Fig. 2) . The spaces, created largely within elastic lamellar units, generally measured 20 to 50 mm by 100 to 200 mm in size ( Fig. 2B ). DMD was scored from 0 to 3 based on the extent of medial involvement in the most severely affected area of the artery: 0 (0% to 5%), 1 (6% to 25%), 2 (26% to 75%), or 3 (76% to 100%). LMN was defined as coagulative necrosis of the media including loss of smooth muscle nuclei as determined by H&E stain. 8 The magnitude of LMN was based on the extent of medial involvement in the most severely affected area of the artery: 0 (0% to 25%), 1 (26% to 75%), or 2 (76% to 100%). Collagen deposition was assessed primarily by Movat pentachrome stain and was scored from 0 to 2 based on the approximated amount of collagen deposition in a 20 Â field of tunica media: 0 (<10%), 1 (10% to 25%), or 2 (>25%).
The Movat pentachrome stain was used to evaluate the orientation of elastic fibers. Proper orientation (score of 0) required the elastic lamellae to be parallel to the aortic lumen; whereas aortas with significant areas LDS1  TGFBR2  A355P  LDS2  TGFBR2  R528H  LDS3  TGFBR2  A329T  LDS4  TGFBR2  R528C  LDS5  TGFBR2  R502Y  LDS6 N
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AA indicates amino acid. (more than two 20 Â fields) of unoriented lamellae were scored as 1 (Fig. 3B ). Elastic fiber fragmentation was based on fragmentation of elastic lamellae and was graded qualitatively as none (0), mild (1), moderate (2), or severe (3) based on the overall appearance of the aortic segment. An overall histologic severity score was determined by summing CMD, DMD, elastic fiber disarray, and collagen deposition scores. Phosphorylated Smad2 staining was scored 1 to 3 based on the degree of nuclear staining noted: 1 (subendothelial), 2 (full thickness and <50% of nuclei staining positive), or 3 (full thickness and Z50% of nuclei staining positive) ( Fig. 4 ).
Statistical Analysis
All data were stored in Microsoft Excel worksheets (Microsoft Corp, Redmond, WA). Statistical calculations were performed using Stata 10 (Stata Corp, College Station, TX). A Fisher exact test was used to compare categorical data.
RESULTS
The LDS cohort consisted of individuals with an average age of 16.9 years ( Table 1 ). The average age of the Marfan subjects was 33.5 years and the average age of control individuals was 24 years of age. Seven LDS subjects (47%), 8 MFS subjects (73%), and 6 control subjects (55%) were male. All LDS and MFS ascending aortas were resected for surgical prophylaxis except for 1 LDS aortic sample that was procured at autopsy following a type A aortic dissection and rupture. Of 13 subjects with known mutations, 10 had mutations in TGFBR2 (77%) ( Table 2) .
The histopathology varied between the LDS, MFS, and control tissues. Moderate to severe DMD (grades 2 and 3) was present in 11 LDS aortas (73%), 1 MFS aorta (9%), and 1 control aorta (9%) ( Table 3 ). On average, the severity of DMD was significantly greater in the LDS cohort when compared with both the MFS (P<0.05, Fisher exact test) and control groups (P<0.05) ( Fig. 5 ). Moderate to severe (grades 2 and 3) CMD was present in 7 MFS aortas (64%) and was not noted in either the LDS cohort or the control aortas. The average severity of CMD in the MFS group was significantly higher than either the LDS group (P<0.01) or the control group (P<0.01). Moderate to severe elastic fiber fragmentation (grades 2 and 3) was present in 7 LDS aortas (46%), 8 MFS aortas (72%), and 1 control aorta (9%). Elastic fiber fragmentation was significantly increased in the LDS and MFS relative to the control aortas (P<0.05, P<0.01; LDS to control and MFS to control, respectively). Collagen deposition was moderate to severe (grades 1 and 2) in 10 LDS aortas (67%), 6 MFS aortas (55%), and 1 control aorta (9%). The average severity of collagen deposition was significantly higher in both the LDS and MFS groups when compared with that of the control (P<0.01). Elastic fibers were unoriented in regions of 5 LDS aortas (33%) and 5 MFS aortas (45%). Fibers were always properly oriented in control aortas. LMN, inflammation, and giant cells were not present in the entire cohort. The overall histologic severity significantly correlated with Z-score severity (r = 0.69, P = 0.03 pairwise correlation) (Fig. 6) . The IHC staining for nuclear pSmad2 was grade 2 or 3 in 13 of 14 LDS samples (93%) and in all 3 MFS samples tested ( Table 4 ). The pSmad2 stain was grade 1 in all 5 control samples tested and this differed significantly from the LDS cohort (P<0.001, Fisher exact test). IHC was not performed on the LDS autopsy tissue due to the known problem of dephosphorylation of proteins in autopsy tissues. 5 We also observed evidence for increased TGFb signaling (nuclear pSmad2 score of 2 to 3) in 3 of 3 samples from patients with BAV 
CMD indicates medial degeneration of the ''cystic'' type; DMD, medial degeneration of the diffuse type; LMN, laminar medial necrosis. and ascending aneurysm, an inherited vasculopathy of unknown etiology (Table 4 ).
DISCUSSION
This is the first case series of ascending aortas obtained from individuals with LDS. Individuals with LDS are similar in many ways to those with MFS, including the propensity to develop aortic aneurysms. In fact, many cases of LDS have been previously misclassified as MFS. 13 MFS is caused by a deficiency of the extracellular matrix protein fibrillin-1 due to heterozygous mutations in the FBN1 gene. Early pathogenetic models suggested that the manifestations of MFS are caused by weakness of the tissues due to loss of structural integrity. Observations in both animal models and people with MFS now suggest that fibrillin-1 contributes to the regulation of TGFb, and that many disease features relate to increased TGFb signaling. 2, 6, 12, 14, 15 Indeed, developmental emphysema, myxomatous valve changes, aortic dilatation, and skeletal myopathy could all be improved or prevented in fibrillin-1-deficient mice by TGFb antagonism in vivo. Although the mechanism remains unclear, heterozygous TGFBR1 or TGFBR2 mutations in LDS also induce increased TGFb signaling in the vessel wall, as evidenced by increased nuclear accumulation of phosphorylated Smad2 (an intracellular mediator of TGFb signaling) and increased output of TGFb-responsive genes. 12 The histopathologic findings in LDS were most obvious by Movat pentachrome stain, which showed a subtle but diffuse form of medial degeneration, increased collagen deposition, and elastic fiber disarray. Generally, the LDS cases showed predominately medial degeneration of the diffuse type (DMD) (73%) whereas very few of these cases showed a mild form of medial degeneration of the classically described cystic variety (CMD) (20%). Ascending aortas from the MFS cohort showed the opposite pattern (64% CMD, 23% DMD). This finding supports a distinction made between these 2 types of medial degeneration. It seems that size of the fragmented areas and the location of the fragmented fibers within the lamellar unit is an important distinguishing feature of these 2 pathologies. In CMD, interlamellar elastic fiber fragmentation and glycosaminoglycan deposition producing variably sized cystic spaces 200 to 500 mm by 200 to 1000 mm are present. Alternatively, DMD has a predominately intralamellar elastic fiber fragmentation and extracellular matrix deposition that produces spaces of smaller caliber (typically 20 to 50 mm by 100 to 200 mm) ( Fig. 2) . DMD was observed to be a more diffuse process than CMD, which may relate to the unique pathology of LDS and the accelerated rate of aortic dissection in this population. The exact composition of the extracellular matrix noted in DMD is unknown and is a likely target of future investigations. Traditional CMD is a common histologic finding in MFS, although it is nonspecific and was noted in 43% of all ascending aorta surgical cases in a recent series. 4, 8, 16, 19, 21 Collagen deposition was increased in both the LDS (67%) and Marfan samples (55%) compared with that seen in the control tissue (9%). A hallmark of both diseases is altered TGFb signaling in the vascular wall. 8, 9 Both the collagen type 1 and collagen type 3 genes are expressed in the vessel wall and are known to be induced by TGFb signaling. Increased collagen in the thoracic aorta has been associated with dissection and therefore is likely of real pathologic significance. 22 It is noteworthy that there was more collagen in the LDS subjects compared with the Marfan subjects in both percent involvement and severity, despite the younger age of the cohort (17 vs. 33 y of age). In previous reports, MFS collagen levels have been variably described as mildly elevated, or not elevated. 13, 16, 17 Consistent with these reports, we observed no case of marked (grade 3) collagen deposition in the MFS samples.
The strongest demonstration of elevated TGFb activity was the robust pSmad2 staining in the LDS samples. 10 The pSmad2 staining was generally full thickness and robust in contrast to the control aortas that displayed only weak intimal staining. Elevated pSmad2 activity is not specific to LDS as it is seen in a number of ''TGFb-opathies'' including MFS, arterial tortuosity syndrome, the vascular disease of autosomal dominant polycystic kidney disease, and mouse models of recessive cutis laxa with aneurysm. 1, 3, 7, 22 Our finding of increased TGFb signaling in the vessel wall of patients with BAV and aneurysm suggests an even broader relevance for this pathogenetic mechanism in patients with inherited forms of aortic aneurysms.
Thorough evaluation of aortic specimens should always include documentation of any inflammation or LMN. Of note, LMN and inflammation were not appreciated in the entire cohort studied, which may reflect on the overall young age of the subjects. LMN has been described previously as occurring in 20% of ascending aortic surgical specimens. 8 We determined that an H&E and a Movat stain should be obtained when LDS is in the differential diagnosis. Alcian blue and Masson trichrome stains were also obtained for this study but were not informative beyond the Movat stain (data not shown). Individual elastic stains and collagen stains (eg, Verhoeff-Van Gieson and Masson trichrome) may also be useful to evaluate this surgical specimen. There is no unique histologic picture for LDS, however, certain pertinent positive and negative findings are useful in separating LDS from other aortic root diseases. LDS can be differentiated from aortitis by the lack of inflammation and giant cells. Also, LMN, a feature of many acquired aortic root pathologies, is not appreciated in LDS. 11 Finally, the high amount of collagen deposition and DMD with a relative lack of CMD helps differentiate LDS from MFS, although histopathologic overlap exists between these entities and it is likely that many specimens cannot definitively be diagnosed as one or the other disease. DMD and markedly increased collagen may be useful findings to report upon in recommending a clinician consider the diagnosis of LDS in a young patient with a presumptive diagnosis of MFS. In these instances mutation detection and/or additional phenotypic information may allow for distinction. The pattern FIGURE 6 . Correlation between Z-score and overall histologic severity score. of intralamellar elastic fiber fragmentation, we note in our LDS population, has been described as increasing in severity with advancing age. 20 However, to our knowledge, the extent of this fragmentation, combined with extracellular matrix deposition and increased collagen deposition, has not been described in such a young population. Despite these general differences, a definitive diagnosis of LDS should be based on a comprehensive clinical evaluation including cardiovascular imaging and genetic studies.
This collection of cases has been biased toward less severe disease histopathology due to the prophylactic nature of the resections. Only 1 case was from an individual who suffered an aortic dissection and died and notably it exhibited severe (grade 3) DMD. We did observe a significant correlation between histopathologic severity and echocardiographic Z-scores, a clinical severity measure (r = 0.69) ( Fig. 6 ). Unfortunately, this finding does not address whether histopathologic changes always precede root dissection; thus this finding is of unknown clinical relevance. Our institution maintains an aggressive stance on prophylactic aortic root replacement.
In conclusion, this report describes the spectrum of histopathologic changes that can be seen in the ascending aortas of patients with LDS, a recently described severe connective tissue disorder.
